Disturbances in constitutive nitric oxide synthase (cNOS) activation associated with H. pylori colonization of gastric mucosa are considered of major consequences in defining the extent of inflammatory involvement. As rapid changes in cNOS activation are linked to the enzyme phosphorylation at the specific Ser/Thr residues, we investigated the influence of H. pylori LPS and gastric hormone, ghrelin, on the processes of phosphorylation of these two critical sites in gastric mucosal cells. We show that the LPS-induced reduction in cNOS activity is reflected in the phosphorylation on Thr 497 , while the countering effect of ghrelin is associated with a rapid increase in cNOS phosphorylation on Ser 1179 . Further, we demonstrate that cNOS phosphorylation on Thr 497 as well as Ser 1179 displays dependence on PKCδ. However, while the LPS-induced suppression in cNOS activation shows reliance on the phosphorylation of PKCδ and PI3K on Ser, the effect of ghrelin is manifested by the increase in phosphorylation of PKCδ and PI3K on Tyr, as well as membrane translocation and phosphorylation of Akt on Ser 473 . Thus, our findings suggest that the LPS-induced suppression in cNOS activation is mediated by PKCδ-controlled phosphorylation of PI3K on Ser that interferes with the membrane recruitment of Akt and promotes cNOS phosphorylation on Thr 497 , and that ghrelin-elicited up-regulation in cNOS activation relies on the PKCδ-directed phosphorylation of PI3K on Tyr that stimulates the membrane localization of Akt and enhances cNOS phosphorylation on Ser 1179 . B. L. Slomiany, A. Slomiany 21
Introduction
Lipopolysaccharide (LPS), an outer membrane component of H. pylori, is recognized as a potent endotoxin capable of eliciting a course of mucosal inflammatory events that characterize gastritis and duodenal ulcers [1] - [4] . Indeed, gastric mucosal responses to H. pylori LPS or associated with gastritis caused by H. pylori infection are manifested by the increase in proinflammatory cytokine production, massive rise in epithelial cell apoptosis, and the disturbances in NO production owing to sustained activation of inducible nitric oxide synthase (iNOS) and the suppression of constitutive nitric oxide synthase (cNOS) systems [5] - [8] . Whilst the high output of NO generated by iNOS is of importance to host defense against bacterial invasion, its sustained activation associated with persistence of inflammatory stimulus is also known to have cytotoxic consequences reflected in transcriptional derangements and the induction of apoptosis [9] - [11] . On the other hand, the low level of NO generated by cNOS appears to access a pool of substrates associated with transient cell-signaling events that are of importance to the maintenance of normal physiological functions [6] [7] [12] . Therefore, the suppression in cNOS activation associated with H. pylori colonization may be of major consequence in defining the extent of gastric mucosal inflammatory involvement.
Whereas the induction of iNOS gene for the sustained increase in NO generation appears to be linked to NF-κB activation, the process of cNOS activation, underlying rapid changes in cNOS-derived NO production, is regulated by a complex set of pre-and post-translational factors that affect the dynamics of its subcellular targeting and the activity by exposing the enzyme to fatty acid modification through N-myristoylation and thiopalmitoylation, interaction with regulatory cofactors, S-nitrosylation, and the protein phosphorylation [9] [13]- [16] . The literature evidence indicates that the activity of cNOS may be influenced by phosphorylation of the enzyme protein at several residues of Ser, Thr and Tyr, but most extensively characterized are the functional consequences of cNOS phosphorylation on Ser 1179 and Thr 497 [17] - [19] . These data clearly established that phosphorylation of cNOS at the critical Ser 1179 with the involvement of PI3K-dependent protein kinase Akt is responsible for a rapid stimulus-promoted cNOS activation, whereas the phosphorylation of cNOS at Thr 497 by PKC is associated with a decrease in the enzyme activity [18] - [20] . Thus, these two posttranslational modifications contribute directly to a rapid regulation of cNOS-derived NO release.
Other emerging pertinent data point increasingly convincing to the existence of cross talk among PKC, PI3K and Akt, and suggest that PKC is a major cellular target of LPS-induced Toll-like receptor 4 (TLR4) activation as well as G protein-coupled receptor stimulation [6] [21]- [24] . Indeed, stimulation of cells with LPS or PKC activator, phorbol esters that mimic diacylglycerol, leads to Ser phosphorylation of PI3K regulatory p85 subunit at the Tyr-binding site that impairs PI3K signaling to Akt, and thus accounts for the negative PI3K regulation through the PKC pathway [24] - [27] . Further, gastric hormone, ghrelin, recognized for its role in the NOS system regulation, relays on the GHS-R1a-mediated activation of G protein-dependent PKC pathway that relieves the p85 inhibition and facilitates the PI3K-directed Akt docking, and signaling to cNOS [16] [24] [28]- [30] .
Recently, we have reported on the role of PKCδ in modulation of gastric mucosal inflammatory responses to H. pylori LPS by ghrelin. Our results revealed that while the LPS-elicited PKCδ activation leads to PI3K phosphorylation on Ser that exerts the detrimental influence on the kinase activity, the effect of ghrelin is manifested by phosphorylation of PKCδ and PI3K on Tyr, and associated with up-regulation in the kinase activation [31] . In the present study, we investigated the involvement of PKCδ in controlling the posttranslational processes of cNOS activation through phosphorylation associated gastric mucosal inflammatory responses to H. pylori LPS and ghrelin.
Materials and Methods

Gastric Mucosal Cell Incubation
Gastric mucosal cells, collected by scraping the mucosa of freshly dissected rat stomachs with a blunt spatula, were suspended in five volumes of ice-cold Dulbecco's modified (Gibco) Eagle's minimal essential medium (DMEM), supplemented with fungizone (50 µg/ml), penicillin (50 U/ml), streptomycin (50 µg/ml), and 10% fetal calf serum, and gently dispersed by trituration with a syringe, and settled by centrifugation [7] . Following rinsing, the cells were resuspended in the medium to a concentration of 2 × 10 7 cell/ml, transferred in 1 ml aliquots to DMEM in culture dishes and incubated under 95% O 2 -5% CO 2 atmosphere at 37˚C for up to 2 h in the presence of 0 -100 ng/ml H. pylori LPS [7] . H. pylori used for LPS preparation was cultured from clinical isolates obtained from ATCC No. 4350 [1] . In the experiments evaluating the effect of ghrelin (rat), PKC inhibitors, Gö6976 and GF109203X (Sigma), PI3K inhibitor, LY294002, and PLC inhibitor, U73122, (Calbiochem), the cells were first preincubated for 30 min with the indicated dose of the agent or vehicle before the addition of the LPS.
cNOS Activity Assay
The activity of cNOS enzyme in the gastric mucosal cells was measured by monitoring the conversion of L- 
Akt Activity Assay
The kinase activity of Akt in gastric mucosal cells was measured with the Akt Activity Kit (Calbiochem) by quantifying phosphorylation of a biotinylated peptide substrate (GRPRTSSFAEG). The cells were lysed in lysis buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1% deoxycholate, 2 mM EDTA, 1 mM sodium orthovanadate, 1 mM PAF, and 1 mM NaF), containing protease inhibitor cocktail (Sigma), at 4˚C for 30 min, centrifuged at 14,000 × g for 15 min, and immunoprecipitated with anti-Akt antibody for 1 h at 4˚C. Protein A/G agarose beads were then added for an additional 1 h, and the immune complex was recovered by centrifugation and thoroughly washed with lysis buffer [16] . The agarose beads were then suspended for 30 min at room temperature in the kinase assay buffer, centrifuged, and the supernatants used for the Akt activity assay by following the manufacturer's instruction.
PI3K Activity Assay
The measurement of PI3K activity in gastric mucosal cells was conducted withPI3 Kinase Activity Assay kit, using GST tagged GRP1 protein containing pleckstrin homology (PH) domain that binds PIP3 (EMD Millipore). The mucosal cells from the control and various experimental conditions were lysed at 4˚C for 30 min in the lysis buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 5 mM EDTA, 1 mM sodium orthovanadate, 1 mM PAF, and 1 mM NaF), containing protease inhibitor cocktail [24] . Following centrifugation at 12,000 × g for 10 min, the supernatant was subjected to protein determination using BCA protein assay kit (Pierce), and the samples containing equal amounts of total protein (500 µg) were immunoprecipitated with p110a antibody overnight at 4˚C. Protein A/G agarose beads were added for an additional 2 h, and the immune complex was recovered by centrifugation and washed two times with cold lysis buffer, one time with fresh cold buffer consisting of 20 mM Tris-HCl buffer, pH 7.4, 150 mM NaCl, 5 mM LiCl, and 0.1 mM sodium orthovanadate, and once with buffer containing 10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, and 0.1 mM sodium orthovanadate [32] [33] . The pellet was resuspended in the reaction buffer and incubated in the glutathione-coated 96 well plate for 1 h with the PI (4, 5) P2 substrate, and the production of generated PI (3, 4, 5) P3 product was determined using horseradish peroxidase/TMB spectrophotometric quantification at 450 nm. cific substrate antibody (Stressgen). The cells were rinsed with 0.05 M phosphate buffer/saline, pH 7.4, settled by centrifugation, and suspended for 30 min at 4˚C in the lysis buffer consisting of 20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 4 mM EGTA, 2 mM EDTA, 1% NP40, 1 mM PMSF, 1 mM sodium orthovanadate, and 10 µg/ml of leupeptin and aprotinin. Following a brief sonication (3 × 10 sec pulses), the samples were centrifuged at 12,000 × g for 10 min and the resulting supernatant was subjected to protein determination using BCA protein assay kit (Pierce). The samples from various experimental treatments were adjusted to 5 µg of crude protein/30 µl, and added to the wells for PKC activity measurement using peroxidase conjugated secondary antibody and TMB spectrophotometric quantification at 450 nm [31] .
Cell Membrane Preparation
To assess the requirements in terms of phosphorylation on membrane translocation and activation of PI3K and Akt, the gastric mucosal cells from the control and experimental treatments were subjected to cell membrane preparation. For this, the cell suspensions were homogenized for 10 s at 600 rpm in 3 volumes of 50 mM Tris-HCl buffer, pH 7.4, containing 0.25 M sucrose, 25 mM magnesium acetate, 1 mM EDTA, 1 mM dithiothreitol, 10 mM aprotinin, 10 mM leupeptin, 10 mM chymostatin, and 1 mM PMSF [34] . Following centrifugation at 5000 × g for 15 min, the supernatant was diluted with two volumes of cold homogenization buffer and centrifuged at 10,000 × g for 20 min. The resulting supernatant was the subjected to centrifugation at 100,000 × g for 1 h at 4˚C, and the obtained membrane pellet was suspended in the extraction buffer, containing 20 mM HEPES, pH 7.9, 25% glycerol, 0.4 M NaCl, 1.5 mM MgCl 2 , 1 mM EDTA, 1 mM dithiothreitol, and 1 mM PMSF. After 30 min of incubation at 4˚C, the suspension was centrifuged at 15,000 × g for 15 min, and the supernatant containing solubilized membrane fraction was collected and stored at −70˚C until use. Protein content of the prepared membrane fractions was analyzed using BCA protein assay kit (Pierce).
Immunoprecipitation and Immunoblotting
The gastric mucosal cells from the control and experimental treatments were collected by centrifugation and resuspended for 30 min in ice-cold lysis buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 10% glycerol, 1% Triton X-100, 5 mM EDTA, 1 mM sodium orthovanadate, 4 mM sodium pyrophosphate, 1 mM PMSF, and 1 mM NaF), containing 1 µg/ml leupeptin and 1 µg/ml pepstatin [15] [24] . Following brief sonication, the lysates were centrifuged at 10,000 g for 10 min, and the supernatants were subjected to protein determination using BCA protein assay kit (Pierce). The lysates of whole cells as well as those of membrane preparations were then used either for immunoblots analysis, or proteins of interest were incubated with the respective primary antibodies for 2 h at 4˚C, followed by overnight incubation with protein G-Sepharose beads. The immune complexes were precipitated by centrifugation, washed with lysis buffer, boiled in SDS sample buffer for 5 min, and subjected to SDS-PAGE using 40 µg protein/lane. The separated proteins were transferred onto nitrocellulose membranes, blocked for 1 h with 5% skim milk in Tris-buffered Tween (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% Tween-20), and probed with specific antibodies directed against cNOS, phospho-cNOS (Ser 
Data Analysis
All experiments were carried out using duplicate sampling, and the results are expressed as means ± SD. Analysis of variance (ANOVA) and nonparametric Kruskal-Wallis tests were used to determine significance. Any difference detected was evaluated by means of post hoc Bonferroni test, and the significance level was set at P < 0.05.
Results
Changes in cNOS activation through phosphorylation are considered of major consequences in defining the extent of gastric mucosal inflammatory involvement in response to H. pylori colonization [6] [7] . Hence, considering the central role of ghrelin in the regulation of NOS system activation [28] [35], we employed rat gastric mucosal cells and examined the influence of H. pylori LPS and ghrelin on the activity of cNOS and the extent of its phosphorylation on Thr 497 and Ser
1179
. As shown in Figure 1 , incubation of gastric mucosal cells with the LPS caused a time-dependent reduction in cNOS activity reaching a 59% decrease after 2 h, while preincubation with ghrelin led to the reversal in the LPS-induced suppression of cNOS activity. Moreover, western blot analysis revealed that reduction in cNOS activity by the LPS was manifested in a time-dependent phosphorylation of the enzyme protein on Thr 497 (Figure 2(a), Figure 2(b) ), whereas the reversal by ghrelin in the in LPS-induced suppression in cNOS activity was reflected in a rapid decrease in Thr 497 phosphorylation and a marked increase in the cNOS protein phosphorylation on Ser 1179 (Figure 2(a), Figure 2(c) ). In further assessment of factors that influence the processes of cNOS activation in the presence of the LPS and ghrelin, we have employed specific pharmacological inhibitors of upstream effectors of cNOS processing, PLC, PKC and PI3K. For this, the gastric mucosal cells prior to incubation with the LPS or ghrelin, were pretreated with PLC inhibitor, U73122, PKC inhibitors, Gö6976 and GF109203X, or PI3K inhibitor, LY294002, and assayed for the activity of cNOS, Akt, PI3K, and PKC enzymes. As illustrated in Figure 3 , the effect of the LPS was manifested by a significant increase in the activity of PKC, and the reduction in the activities of PI3K, Akt and cNOS, whereas ghrelin elicited further increase in the activity of PKC, and caused the reversal in the LPS-induced suppression in the activities of PI3K, Akt and cNOS. The activation of PKC by the LPS and ghrelin, moreover, was susceptible to suppression by PLC inhibitor, U73122, as well as the inhibitor of classical and novel PKC isoforms, GF109203X, but not the inhibitor of classical PKC isoforms, Gö6976, thus supporting the involvement of the novel PKC isozyme, identified earlier as PKCδ [31] . In addition, the PKC inhibitor, GF109203X, evoked a significant reduction in the ghrelin-induced activation of PI3K, Akt and cNOS. Furthermore, ghrelin-induced activation of PKCδ as well as that of PI3K, Akt and cNOS displayed susceptibility to LY294002, an inhibitor of PI3K. These results, thus underscore the reliance of the LPS as well as ghrelin on the common upstream PLC/PKCδ signaling pathway in cNOS processing through phosphorylation, and suggest that PI3K plays an essential role in ghrelin-induced gastric mucosal Akt and cNOS activation.
Consequently, to gain additional leads into the pathways utilized by the LPS and ghrelin to affect the cNOS activation, we examined the influence of PKC and PI3K inhibitors on cNOS phosphorylation on Thr 497 and Ser 1179 . The results of western blot analysis revealed that cNOS protein phosphorylation on Thr
497
, induced by the LPS, was subject to suppression by ghrelin as well as PKC inhibitor, GF109203X, but not the inhibitor of PI3K, LY294002 (Figure 4(a), Figure 4(b) ). We also observed that ghrelin-induced cNOS phosphorylation on Ser 1179 , associated with cNOS activation, was blocked by the inhibitor of PKC as well as that of PI3K. This suggests that cNOS phosphorylation on Thr 497 as well as Ser 1179 requires PKCδ participation, and that ghrelin-elicited up-regulation in cNOS activation shows dependence on PI3K activity. Therefore, to address the character of the rapport between PKCδ and PI3K in mediation of cNOS phosphorylation, we assessed the changes in PKCδ and PI3K phosphorylation in response to the LPS and ghrelin. Probing gastric mucosal PKCδ immunoprecipitates with anti-pPKCδ (Ser) and anti-pTyr antibody, we revealed that ) and serine (Ser 1179 ) phosphorylation. The cells were treated with 0 or 0.5 µg/ml of ghrelin (Gh) and incubated for the indicated time periods with 0 or 100 ng/ml of the LPS. Cell lysates were analyzed by Western blotting with anti-cNOS for total cNOS as well as phosphorylation specific anti-pcNOS (Thr 497 ) and anti-pcNOS (Ser 1179 ) antibody (A), and the relative densities of phosphorylated proteins (B and C) are expressed as fold of control. The total cNOS was used as loading control. The data represent the mean ± SD of four separate experiments.
* P < 0.05 compared with that of control. ** P < 0.05 compared with that of LPS.
PKCδ in response to the LPS showed a marked increase in serine phosphorylation, whereas the effect of ghrelin was manifested by PKCδ phosphorylation at tyrosine (Figure 5(a), Figure 5(b) ). Further, we found that the LPS elicited phosphorylation of PI3K regulatory p85 subunit on serine, while the effect of ghrelin was reflected in the increase in phosphorylation of PI3K on tyrosine. The effect of ghrelin, moreover, was associated with the Figure 3 . Effect of PLC, PKC and PI3K inhibitors on ghrelin (Gh)-induced changes in the expression of cNOS, Akt, PI3K and PKC activities in gastric mucosal cells exposed to H. pylori LPS. The cells, preincubated with 15 µM of PLC inhibitor, U73122 (U), 5 µM of wide spectrum PKC inhibitor, GF109203X (GF), 10 µM of classical PKC inhibitor, Gö6976 (Go), or 25 µM of PI3K inhibitor, LY294002 (LY), were treated with 0.5 µg/ml Gh, and incubated for 2 h in the presence of 100 ng/ml LPS. The data represent the means ±SD of five separate experiments.
* P < 0.05 compared with that of control. ** P < 0.5 compared with that of LPS. *** P < 0.05 compared with that of Gh + LPS. ) and pcNOS (Ser 1179 ) in gastric mucosal cells exposed to H. pylori LPS. The cells, preincubated with 5 µM GF or 25 µM LY, were treated with Gh at 5 µg/ml and incubated for 2 h in the presence of 100 ng/ml LPS. Cell lysates were analyzed by Western blotting (A) for total cNOS, pcNOS (Thr 497 ) and pcNOS (Ser 1179 ) proteins, and the relative densities of phosphorylated proteins are expressed as fold of control (B). The total cNOS was used as loading control. The data represent the means ± SD of four separate experiments.
* P < 0.05 compared with that of control. ** P < 0.5 compared with that of LPS. *** P < 0.05 compared with that of Gh + LPS. Figure 5 . Effect of ghrelin (Gh) on H. pylori LPS-induced changes in gastric mucosal cell PKCδ, PI3K, and Akt phosphorylation. The cells were treated with the LPS at 100 ng/ml or Gh at 0.5 ng/ml + LPS and incubated for 2 h. A, cell lysates were immunoprecipitated (IP) with anti-p85 (PI3K) or anti PKCδ antibody and immunoblotted (WB) with anti-pSer-PKC substrate and anti-pTyr (G410) antibody for phosphorylated p85, while the PKCδ immunoprecipitates were immunoblotted with anti-pPKCδ (Ser) and anti-pTyr (4G10). Cell lysates were also blotted with anti-pAkt (Ser) and anti-Akt antibodies. B, the relative densities of phosphorylated proteins are expressed as fold of control. Total PKCδ, p85, and Akt were used as loading control. The data represent the mean ± SD of four separate experiments. * P < 0.05 compared with that of control. Moreover, as the activation of Akt through phosphorylation occurs downstream of PI3K and requires membrane localization [16] [29] [36], we evaluated the influence of H. pylori LPS and ghrelin on membrane translo-cation and phosphorylation of PI3K and Akt. For this, the lysates of whole gastric mucosal cells as well as the membrane fraction were immunoprecipitated with anti-p85 (PI3K) or anti-Akt antibody, and subjected to western blot analysis using anti-pSer-PKC substrate and anti-pTyr antibody for phosphorylated p85, and with anti-pAkt (Ser 473 ) for pAkt. The results of analyses revealed that in the absence of ghrelin, the LPS caused the elevation in membrane translocation of Ser-phosphorylated PI3K (p85 subunit), while the effect ghrelin was reflected in a marked drop in the membrane content of Ser-phosphorylated PI3K (p85), rise in phosphorylation of the membrane associated PI3K on Tyr, and the increase in the membrane content of pAkt (Figure 6(a), Figure  6(b) ). We have also noticed that the LPS-induced membrane translocation of Ser-phosphorylated PI3K was blocked by the pretreatment of the cells with PKC inhibitor, GF109203X. Further, we observed that PKC inhibitor, GF109203X, exerted the inhibitory effect on ghrelin-induced membrane translocation of Tyr-phosphorylated PI3K as well as pAkt. Therefore, the LPS-induced and PKCδ-mediated PI3K phosphorylation on Ser interferes with the membrane recruitment and activation of Akt. Figure 6 . Effect of ghrelin (Gh) on H. pylori LPS-induced changes in phosphorylation and membrane translocation of PI3K and Akt in gastric mucosal cells. The cells were treated with the LPS at 100 ng/ml, or Gh at 0.5 µg/ml+ LPS, or GF109203X (GF) at 5 µM + LPS, or GF + Gh + LPS, and incubated for 2 h. The lysates of whole cells (T) as well as the membrane (M) fraction were immunoprecipitated (IP) with anti-p85(PI3K) or anti-Akt antibody, and immunoblotted (WB) with anti-pSer-PKC substrate and anti-pTyr (G410) antibody for phosphorylated p85, and with anti-pAkt (Ser 1179 ) for pAkt (A). The relative densities of phosphorylated proteins are expressed as fold of control (B). Total p85 and Akt were used as loading control. The data represent the mean ± SD of four separate experiments.
* P < 0.05 compared with that of control. ** P < 0.5 compared with that of LPS. *** P < 0.05 compared with that of Gh + LPS.
Discussion
The activity of cNOS and the consistently low and measured quantities of NO generated by this isoform in conjunction with local signaling events is recognized of a key importance to the maintenance of gastric mucosal integrity and its normal physiological function. Hence, to maintain the local transient NO demands, the activity of cNOS is tightly regulated by a diverse array of pre-and post-translational factors that affect its subcellular targeting, interaction with regulatory cofactors, S-nitrosylation, and phosphorylation [9] [13]- [16] [19] . Indeed, the cNOS enzyme protein phosphorylation at the critical Ser 1179 with the involvement of PI3K/Akt is now recognized as an important post-translational mechanism for rapid stimulus-promoted cNOS activation, whereas phosphorylation of cNOS at theThr 497 with PKC participation is associated with a decrease in the enzyme activity [18] - [20] . As disturbances in cNOS activation are considered of major consequences in defining the extent of gastric mucosal inflammatory involvement in response to H. pylori colonization and the PKC is also regarded of pivotal importance in the PI3K/Akt signaling cascade [6] [24] [31], we investigated the influence of H. pylori LPS and gastric hormone, ghrelin, on the processes of cNOS activation through phosphorylation.
Our results revealed that incubation of gastric mucosal cells with the LPS led to a time-dependent reduction in cNOS activity that was reflected in a gradual phosphorylation of the enzyme protein on Thr
497
. Furthermore, we found that preincubation with ghrelin, recognized for its prominent role in modulation of gastric mucosal inflammatory responses to H. pylori infection [7] [15] [37] - [39] , exerted counteractive effect on the LPS-induced suppression in cNOS activity as well as the extent of its phosphorylation on Thr
, and was manifested by the rapid increase in the activity and phosphorylation of cNOS on Ser
1179
. These findings are in keeping with the literature data demonstrating that post-translational phosphorylation of cNOS protein at the critical Thr/Ser plays an essential role in modulation of cNOS-dependent NO production [17] - [19] , and underscore the importance of a coordinated dephosphorylation of Thr 497 and phosphorylation of Ser 1179 in a rapid up-regulation in cNOS activation by ghrelin in gastric mucosal response to H. pylori colonization. Further, we observed that the LPS-elicited drop in cNOS activity was accompanied by a marked increase in the activity of PKC, and the suppression in the activities of PI3K and Akt, while ghrelin evoked further rise in PKC activity as well as exerted counteracting effect on the LPS-induced suppression in the activities of PI3K, Akt and cNOS. The activation of PKC by the LPS and ghrelin, moreover, was susceptible to suppression by PLC inhibitor, U73122. Hence, we concluded that up-regulation in PLC/PKC activity plays a pivotal role in modulation of cNOS activation by the LPS as well as ghrelin. This interpretation of our results is in accord with the preponderant evidence indicating that PKC is a major cellular target of LPS-induced TLR4 activation as well as G protein-coupled GHS-R1a receptor stimulation by ghrelin [6] [22]- [24] [30] [31] [39] .
Moreover, the assays of PKC activity in the in the presence of Gö6976, a classical PKC inhibitor, as well as the classical and novel PKC inhibitor, GF109203X, revealed that only GF109203X attenuated the activation of PKC by the LPS and ghrelin. In addition, GF109203X also elicited a distinct reduction in the ghrelin-induced activation of PI3K, Akt and cNOS, thus supporting the involvement of the novel isoform of PKC, identified earlier as PKCδ [31] , in cNOS processing through phosphorylation. These findings are consistent with several previous studies where PKCδ has been implicated in TLR-mediated regulation of NO production in response to LPS [23] [40] [41] . Therefore, to gain further leads into the pathways utilized by H. pylori LPS and ghrelin to affect the cNOS activation we examined the influence of PKC and PI3K inhibitors on cNOS phosphorylation at Thr 497 and Ser
. We found that the LPS-induced phosphorylation of cNOS on Thr 497 was not only the subject to suppression by ghrelin but also displayed susceptibility to PKC inhibitor, GF109203X, whereas the ghrelin-elicited cNOS phosphorylation on Ser 1179 was blocked by the inhibitor of PKC, GF109203X, as well as the inhibitor of PI3K, LY294002. Accordingly, we asserted that while cNOS phosphorylation on Thr 497 as well as Ser 1179 requires PKCδ participation, the up-regulation in cNOS activation by ghrelin also shows dependence on PI3K. Indeed, the role of PI3K in mediation of Akt directed cNOS activation through phosphorylation on Ser 1179 is well recognized [24] [28]- [33] .
As PI3K is linked to majority of TLR-initiated downstream signaling events, and the evidence points to the existence of cross talk among PKC and PI3K [24] [29] [31] [33] [42], we next addressed the character of the rapport between PKCδ and PI3K in mediation of cNOS phosphorylation in response to the LPS and ghrelin. By examining the gastric mucosal PKCδ and PI3K regulatory p85 subunit phosphorylation patterns, we established that in response to stimulation by the LPS both PKCδ and PI3K showed a marked increase in their Ser phosphorylation, whereas the effect of ghrelin was associated with the phosphorylation of PKCδ and PI3K on Tyr, and that of Akt on Ser
473
. Interestingly, the LPS-induced phosphorylation of PI3K on Ser was reflected not only in the suppression of PI3K activity but also that of Akt and cNOS. Furthermore, studies indicate that stimulation of cells with LPS or PKC activator, phorbol esters leads to Ser phosphorylation of the SH2 (Src homology-2) domain of the p85 regulatory subunit at the Tyr-binding site, and results in the impairment of PI3K activation and the inhibition of Akt activation [26] [27] . Indeed, the activation of Akt is known to occur downstream of PI3K and involves the PI3K-catalyzed generation of the lipid second messenger, PIP3, which serves as a recognition site for N-terminal PH (pleckstrin homology) domain of Akt [15] [16] [30] [36] [43] . Hence, it is apparent that in the absence of PI3K platform for Akt-mediated cNOS activation, the LPS-induced up-regulation in PKCδ activation leads to the increase in cNOS phosphorylation on Thr
497
. This interpretation is supported by our findings showing that phosphorylation of PI3K on Ser by the LPS as well as that on Tyr induced by ghrelin takes place downstream of PKCδ as both events exhibited susceptibility to the PKC inhibitor, GF109203X, and the reports indicating that PKC through the interaction with PH domain-containing partners can influence the process of PI3K activation [31] [33] [39] .
The evidence from a variety of cellular systems indicates that subcellular localization plays an important regulatory role determining the activation and substrate specificity of Akt PI3K and PKC [22] [24] [27] [29] [44] Indeed, we have shown recently that H. pylori LPS caused the translocation of Ser-phosphorylated PKCδ from the cytosol to the cell membrane fraction, while the effect of ghrelin was reflected in phosphorylation of the membrane-associated PKCδ on Ser as well as Tyr [31] . The results reported herein revealed that the LPS-elicited increase in gastric mucosal cell membrane translocation of Ser-phosphorylated PI3K (p85) was associated with cNOS phosphorylation on Thr
, whereas the effect of ghrelin, manifested by the rise in phosphorylation of the membrane associated PI3K on Tyr and that of pAkt on Ser 473 , was coupled to cNOS phosphorylation on Ser
1179
. Equally significant is to note that in our study the membrane translocation of PI3K phosphorylated on Ser as well as Tyr and that of Akt phosphorylated on Ser 473 exhibited susceptibility to PKC inhibitor GF109203X, thus indicating that PKCδ is a primary linchpin in controlling the processes of cNOS activation through phosphorylation at the posttranslational level.
Conclusion
In summary, our study demonstrates that PKCδ plays a critical role in the modulation of gastric mucosal in flammatory responses to H. pylori LPS by ghrelin (Figure 7) . While the LPS-elicited PKCδ activation leads to Figure 7 . Schematic representation of the signaling pathways involved in the regulation of gastric mucosal posttranslational cNOS activation through phosphorylation in response to H. pylori LPS and ghrelin. Stimulation of Toll-like receptor 4 (TLR4)/MD2 by the LPS triggers the activation of PKCδ that leads to the increase in PI3K phosphorylation on Ser [31] , which interferes with the membrane recruitment of Akt and promotes the PKCδ-induced cNOS phosphorylation on Thr 497 that results in a decrease in cNOS activity. Ligation of the growth hormone secretagogue receptor (GHS-R1a) by ghrelin leads to PKCδ-directed activation of PI3K through phosphorylation on Tyr that stimulates the membrane localization of Akt and results in the up-regulation in cNOS activation through phosphorylation on Ser 1179 . PIP2 phosphatidylinositol 4, 5-bisphosphate, PIP3 phosphatidylinositol 3, 4, 5-tirisphosphate, pS phosphoserine, pT phosphothreonine, pY phosphotyrosine. the increase in PI3K phosphorylation on Ser that interferes with the membrane recruitment of Akt and promotes cNOS phosphorylation on Thr 497 , the effect of ghrelin is manifested by phosphorylation of PKCδ and PI3K on Tyr, and that of Akt on Ser 473 , and associated with up-regulation in cNOS activation through phosphorylation on Ser 1179 .
